We present a high-precision mass model of galaxy cluster Abell 2744, based on a stronggravitational-lensing analysis of the Hubble Space Telescope Frontier Fields (HFF) imaging data, which now include both Advanced Camera for Surveys and Wide-Field Camera 3 observations to the final depth. Taking advantage of the unprecedented depth of the visible and near-infrared data, we identify 33 new multiply imaged galaxies, bringing the total to 51, comprising 159 individual lensed images. In the process, we correct previous erroneous identifications and positions of multiple systems in the northern part of the cluster core. With the Lenstool software and the new sets of multiple images, we model the cluster using two cluster-scale dark matter halos plus galaxy-scale halos for the cluster members. Our best-fit model predicts image positions with an RMS error of 0.69 , which constitutes an improvement by almost a factor of two over previous parametric models of this cluster. We measure the total projected mass inside a 200 kpc aperture as (2.156 ± 0.003)×10 14 M , thus reaching 1% level precision for the second time, following the recent HFF measurement of MACSJ0416.1-2403. Importantly, the higher quality of the mass model translates into an overall improvement by a factor of 4 of the derived magnification factor for the high-redshift lensed background galaxies. Together with our previous HFF gravitational lensing analysis, this work demonstrates that the HFF data enables high-precision mass measurements for massive galaxy clusters and the derivation of robust magnification maps to probe the early Universe.
INTRODUCTION
Since the end of the 1980s and the first observational confirmation of the lensing hypothesis in Abell 370 (Soucail et al. 1988) , gravitational lensing has been recognised as a powerful tool to map the mass distribution in galaxy clusters. The bending of light from distant galaxies by foreground clusters allows astronomers to i) directly measure the total (dark and baryonic) matter distribution, ii) image very distant galaxies using galaxy clusters as 'cosmic telescopes', and iii) constrain the geometry of the Universe E-mail: mathilde.jauzac@dur.ac.uk (for reviews, see e.g. Massey et al. 2010 and Natarajan 2011; Hoekstra et al. 2013 ). In the past few decades, the unparalleled power of the Hubble Space Telescope (HST) has transformed this area of research. HST's high angular resolution and sensitivity combined with colour information from imaging through several filters allow a robust and efficient identification of lensed galaxies, as demonstrated in many in-depth studies (for Abell 1689 using the Advanced camera for Survey see e.g. Coe et al. 2010; ).
The leading role of HST for lens studies has been recognised by the community through numerous general observing programs, and specifically through two recent large allocations: the multi- cycle treasury CLASH project Postman et al. (2012) and the novel Hubble Frontier Fields 1 (HFF) project. With a total of 140 HST orbits for each of six massive cluster lenses, the goal of the HFF is to probe the distant and early Universe to an unprecedented depth of mag AB ∼ 29 in seven passbands (3 with ACS, 4 with WFC3). In a coordinated multi-team effort, mass models 2 of all six HFF cluster lenses were derived from pre-HFF data to provide the community with a first set of magnification maps (see in particular Johnson et al. 2014; Coe et al. 2014; Richard et al. 2014) . The first two clusters observed as part of the HFF initiative are MACSJ0416.1−2403 (Mann & Ebeling 2012 ) and Abell 2744 (Abell et al. 1989) ; to date lensing studies based on these data have been conducted by Jauzac et al. (2014a,b) ; Diego et al. (2014) ; Grillo et al. (2014) ; Zitrin et al. (2014) .
In this paper, we focus on improving earlier stronglensing analyses of Abell 2744 (also known as AC118 and MACSJ0014.3−3022), a very X-ray luminous cluster at z=0.308, featuring L X = 3.1 × 10 45 erg s −1 in the 2-10 keV band (Allen 1998 ) and 1.4 × 10 45 erg s −1 in the 0.1-2.4 keV band (Ebeling et al. 2010 ). This system has been extensively studied, and was first identified as an active major merger by Giovannini et al. (1999) and Govoni et al. (2001) based on the detection of a powerful and extended radio halo. Subsequent X-ray studies (Kempner & David 2004; Zhang et al. 2004; Owers et al. 2011 ) confirmed this hypothesis and detected numerous substructures within the cluster field. Kinematic studies by Girardi & Mezzetti (2001) , Boschin et al. (2006) , and Braglia et al. (2007) revealed a bimodal velocity dispersion in the cluster centre, as well as a third group of cluster members in the North-West, close to one of the X-ray peaks. Shan et al. (2010) studied a sample of 38 clusters with X-ray observations as well as high-resolution lensing observations coming from the HST/Wide Field and Planetary Camera 2 (WFPC2) archive. In their analysis, Abell 2744 was identified as the cluster with the largest offset between X-ray and lensing signals.
The first gravitational-lensing analysis of Abell 2744 was conducted by Smail et al. (1997) , who identified strong lensing features and also performed a weak-lensing analysis based on HST/WFPC-2 data. Allen (1998) studied the discrepancy between the X-ray and strong-lensing masses of Abell 2744, which supports the hypothesis that the system is an active merger. Results of a weaklensing analysis of Abell 2744 were also presented by Cypriano et al. (2004) as part of a study of a larger cluster sample. The first investigation of Abell 2744 to combine strong-lensing, weaklensing, and X-ray analyses was conducted by Merten et al. (2011) using HST/ACS 3 , VLT, Subaru imaging, and Chandra observations. More recently, Lam et al. (2014) performed a strong-lensing analysis of Abell 2744, based on pre-HFF data, while Atek et al. (2014a,b) and Zitrin et al. (2014) 
STRONG LENSING ANALYSIS

Methodology
We here provide only a brief summary of our method and refer the reader to Kneib et al. (1996) , Smith et al. (2005) , Verdugo et al. (2011 for detailed explanations. Our mass model is composed of large-scale dark-matter haloes, whose individual masses are larger than a typical galaxy group (of order of 10 14 M within 50 ), plus small-scale mass halos associated with individual cluster members, usually large elliptical galaxies. As in our previous work, we model all mass components as dual Pseudo Isothermal Elliptical Mass Distributions (dPIE, Limousin et al. 2005; Elíasdóttir et al. 2007; Jauzac et al. 2014a ), characterised by velocity dispersion σ, core radius r core , and scale radius r s .
For mass perturbations associated with individual cluster galaxies, we fix the geometrical dPIE parameters (centre, ellipticity, and position angle) at the values measured from the cluster light distribution (see, e.g. Kneib et al. 1996; Richard et al. 2010 ) and use empirical scaling relations to relate the dynamical dPIE parameters (velocity dispersion and scale radius) to the galaxies' observed luminosity . For an L * galaxy, we optimise the velocity dispersion between 100 and 250 km s −1 and force the scale radius to less than 70 kpc to account for the tidal stripping of galactic dark-matter haloes Natarajan et al. 2009; Wetzel & White 2010 Figure 1 . Overview of all multiple-image systems used in this study. The pre-HFF systems are shown in dark blue. The most secure HFF identifications, used to optimise the lens model in the image plane (152 images) are shown in cyan; the less secure candidates (7 images) are shown in magenta. The underlying colour image is a composite created from HST/ACS images in the F814W, F606W, and F435W passbands. Mass contours of the best-fit strong-lensing model are shown in white. The zoomed stamps show the particular configuration of the multiply imaged systems in the northern part of the cluster core (systems 3, 8, 14, 36, 37, 38, 39, and 40) . In the right panel, one can see highlighted with a red line the shift of position between the old identification of 3.3 and the new one.
Multiple-Image Systems
HFF multiply-imaged systems
The secure identification of multiple-image systems is key to building a robust model of the mass distribution within the cluster lens. The first detailed strong-lensing analysis, using pre-HFF data of Abell 2744, identified 34 images of 11 background galaxies in the redshift range 2 < z < 4 (Merten et al. 2011) . Based on the same data, but in a community-wide effort for the HFF mass model initiative, the number of secure systems increased to 18, comprising 55 images. Three of these systems have been spectroscopically confirmed, with redshifts of 3.98, 3.58 and 2.019 for systems 3, 4, and 6, respectively (see Richard et al. 2014; Johnson et al. 2014) .
For the present study, we scrutinised the new, deep HFF ACS and WFC3 images, using the predictive power of the Richard et al. (2014, hereafter R14) mass model and report an even larger set of multiple images. To this end, we computed the cluster's gravitational-lensing deflection field from the image plane to the source plane, on a grid with a spacing of 0.2 arcsec/pixel. Since the transformation scales with redshift as described by the distance ratio D LS /D OS , where D LS and D OS are the distances between the lens and the source, and the observer and the source respectively, it needs to be computed only once enabling efficient lens inversion. We also determined the critical region at redshift z = 7 as the area within which to search for multiple images in the ACS data. A thorough visual inspection of all faint galaxy images in this region, combined with an extensive search for plausible counter images, revealed a total of 33 new multiply imaged systems, bringing the total of multiple images identified in Abell 2744 to 159 over 51 systems ( Fig. 1 and Table 3) . Table 3 lists the coordinates, as well as the redshifts (predicted by our model, z model , or spectroscopic, z spec , if available), the F814W-band magnitudes, mag F814W , and their magnification (measured with our best-fit mass model). The magnitudes were measured using Sextractor (Bertin & Arnouts 1996) . Note that for some of the images, reliable measurements were rendered impossible due to light contamination from much brighter objects. Systems 15, 16, and 17 around the North sub-structure are not included in either Fig. 1 or Table 3 , as we do not use them in our optimisation, but we refer the reader to R14, Johnson et al. (2014 to have their coordinates.
For the modelling of the cluster lens, we adopt a conservative approach and use only the 50 most securely identified systems comprising 151 individual images; we propose the remaining identifications as candidates for multiply imaged systems. We consider a system secure if it meets all of the following criteria: the different images have (1) similar colours, (2) show morphological similarities (for resolved images), and finally (3) a plausible geometrical configuration. As for MACSJ0416.1−2403 (Jauzac et al. 2014a ), the total number of multiply-imaged sets used in the optimisation has increased by almost a factor of 3, and the precision of the lens model in the core region of maximal magnification improves dramatically.
Multiplicity of high-redshift candidates
We also confirm and include systems proposed to lie at z > 5 by Atek et al. (2014a) and Atek et al. (2014b) but identify object 22.1 as a more convincing counter image in terms of position and colour for System 4 in Atek et al. (2014a) . Their image 4.1 is now predicted to be a single image. We note also that image 18.3 has a measured spectroscopic redshift of 5.66 (Clément et al., in prep.). Table 2 . Parameters obtained for the three different models used in this analysis to compare our HFF model with pre-HFF ones. The dof gives the number of degrees of freedom in each model, and the µ 29mul gives the average magnification obtained using a set of 29 multiple images common to all models. The 'pre-HFF 5 clumps' is Richard et al. (2014) model; the 'pre-HFF 4 clumps' is Richard et al. (2014) model with the identification of counter-image in system 3 corrected; the 'pre-HFF 2 clumps' is Richard et al. (2014) model with the identification of counter-image in system 3 corrected, and without the N and NW substructures; the 'HFF's model is the one presented in this paper.
We also include the z ∼ 10 system identified by Zitrin et al. (2014) , which is well reproduced by our model.
Revisiting Northern multiply imaged systems
The deeper ACS images of Abell 2744 revealed several new multiple systems to the North of its brightest cluster galaxy (BCG), a region within which all previous strong-lensing analyses failed to identify correct counter images (such as 8. Lam et al. (2014) , and R14. By performing our strong-lensing analysis without this system, we predict the location of image 3.3 to lie 8 south of the previous identification used by all modellers, which is now assigned to a different system to the North. The reason for this misidentification is due to the similarity in colors, but also in the lens reconstruction, as shown by Lam et al. (2014) . However, with this corrected position, we manage to identify all previously missing counter-images, and all systems in this region are now reproduced to better than 0.3 .
STRONG-LENSING MASS MEASUREMENT
The starting point for our modelling process is the distribution of cluster galaxies. As described in Merten et al. (2011) , Abell 2744 is a highly complex system, with one main component in the SE and three group-scale substructures in the North, in the NorthWest, and in the West, labelled as Core, N, NW, and W in their paper. All these substructures host overdensities of bright cluster ellipticals: the core region is dominated by three brightest cluster galaxies (BCGs); the N, NW, and W substructures each host one BCG. Following this optical morphology, the pre-HFF model of R14 thus included one cluster-scale dark-matter halo at the location of each of the five BCGs that define the centres of the overall large-scale distribution of light from all cluster galaxies. The W substructure was not included in the mass model because it is outside the high-resolution HST imaging, so no strong-lensing features could be identified. The resolution of the ground-based imaging (VLT/FORS1) does not allow for any identification. For our revised model based on the new HFF data, we simplified this mass model as follows: i) since no spectroscopic red-shifts are currently available for multiple images around the N and NW substructures, we removed the corresponding mass halos, and a discussion about the impact of this removal is discussed in Section 5; ii) the core of the cluster is now modeled using only two cluster-scale halos instead of three, for reasons explained later in this Section. Consequently, our model contains only two cluster-scale halos. During the optimisation process, the position of these large-scale halos is allowed to vary within 20 of the associated light peak. In addition, we limit the ellipticity, defined as e = (a 2 + b 2 )/(a 2 − b 2 ), to values below 0.7, while the core radius and the velocity dispersion are allowed to vary between 1 and 30 , and 300 and 1 000 km s −1 , respectively. The scale radius, by contrast, is fixed at 1 000 kpc, since strong-lensing data alone do not probe the mass distribution on such large scales. In addition to the two cluster-scale dark-matter halos, we also include perturbations by 733 probable cluster members (R14) by associating a galaxyscale halo to each of them. Finally, we add two galaxy-scale halos to specifically model two of the three BCGs in the core region, as there were multiple images in their immediate proximity. Using the set of the most securely identified multiply imaged galaxies described in Sect. 3 and shown in Fig. 1 , we optimise the free parameters of this mass model using the publicly available Lenstool software 5 . The best-fit model optimised in the image plane predicts image positions that agree with the observed positions to within an RMS of 0.69 . For MACSJ0416.1−2403, we found an RMS of 0.68 (Jauzac et al. 2014a) , for a total of 68 multiply imaged systems. These remarkably low RMS values obtained for the first two HFF clusters improve dramatically on the ones obtained in previous models from the literature that adopt a similar a priori assumption of light tracing mass (e.g. Halkola et al. 2006; , for Abell 1689 . The RMS value obtained for Abell 2744 represents an improvement of a factor of ∼2 over previous lensing mass reconstructions of this cluster. Johnson et al. (2014) quote an RMS value of 0.4 for their pre-HFF model using 15 multiply imaged systems (64 images). In R14, our pre-HFF best-fit mass model yields 1.26 using 18 multiply imaged systems (55 images) combined with weak-lensing constraints. The parameters describing our best-fit mass model are listed in Table 1 ; contours of the mass distribution are shown in Fig. 1 . Although allowed to vary within 20 of their associated light peak, the final positions of the two cluster-scale halos predicted by the model coincide much more closely with the light peaks.
Our initial mass model of the core of Abell 2744 was more complex, due to an additional mass concentration in the Northern region, close to systems 3, 38, 8, 36, 14 and 37 (Fig. 1) , i.e. in the region in which we corrected the location of multiple images and identified new counter-images. Testing the need for this additional component we find the resulting RMS to be slightly higher (RMS=0.85 ) and thus conclude that a third large-scale mass component is not required and not supported by the current observational constraints. Our hypothesis that this third mass concentration in the model of R14 was only needed to counterbalance the misidentification of System 3, is corroborated by the results of an optimisation run of the pre-HFF model with the identifications for System 3 corrected: again the simple two-component model yields a better χ 2 and RMS than the one including a third mass concentration in the cluster core as it is shown in Table 2 (first two models).
In order to integrate the mass map within annuli, we choose 5 http://projects.lam.fr/repos/lenstool/wiki the location of the overall BCG, i.e., α = 3.586259, δ = −30.400174 degrees, as the cluster centre. A circle of radius 45 (205h −1 kpc) centered on this position encompasses all multiple images (Fig. 1) . The two-dimensional (cylindrical) mass within this radius is then M(< 200 h −1 kpc) = (2.156 ± 0.003) × 10 14 M .
DISCUSSION
Comparison with previous mass estimations
The first strong-gravitational lensing analysis of Abell 2744 performed by Smail et al. (1997) using HST/WFPC2 data found a total mass of M(R < 200 kpc) = (1.85 ± 0.32) × 10 14 M . Within the quoted uncertainty this result agrees with our measurement. Much more recently, a combined strong-plus weak-lensing analysis by Merten et al. (2011) based on HST/ACS data found a mass for the core component of the cluster of M(R < 250 kpc) = (2.24±0.55)×10 14 M . Thanks to the deep HFF imaging used in the present work, our analysis reduces the measurement error by an order of magnitude, yielding M(R < 250 kpc) = (2.798±0.004)×10 14 M . This is the second measurement of a cluster mass with statistical errors of less than 1%.
As stressed by Jauzac et al. (2014a) , the precision of mass models from gravitational-lensing studies depends strongly on the mass modeling technique. It is thus noteworthy that the pre-HFF analysis by Lam et al. (2014) 6 , which used a free-form model, predicted the lens-plane position of 18 multiply imaged systems (comprising 55 images) with a mean RMS of ∼0.7 . Our parametric model predicts the position of 50 multiply imaged systems (comprising 151 images) with mean RMS = 0.69 , a remarkably consistent value for two very different methods.
Magnification measurements discrepancy
The main discrepancy between pre-and post-HFF data models lies in the derived magnification maps. The following quoted magnification values are sampled from the magnification field at the particular positions, and best-fit redshifts of a small subset of lensed galaxies. Using a set of 29 multiple images common to pre-HFF and HFF data models, the pre-HFF model of R14 (including the corrected System 3, and thus featuring four cluster-scale halos) provides a median magnification of 3.99±0.25, with a position RMS of 0.51 . When the N and NW substructures are removed, and therefore only tow cluster-scale halos are included, the same pre-HFF model yields a median magnification of 4.40 ± 0.18 (RMS=0.50 ) . We use this comparison to obtain an estimate of the systematic uncertainty in the mean magnification due to the model of 0.21. For the exact same set of multiply imaged systems, our HFF model gives a median magnification of 6.76 ± 0.12 (stat) ±0.21 (sys) (RMS=0.52 ). (All these magnification values are also listed in Table 2 .) This discrepancy is not unique to a comparison with the model of R14, but is in fact observed for most pre-HFF models that are publicly available on the Frontier Fields lens model page.
While the two pre-HFF models referred to above yield median magnification values that are consistent with each other within 1σ, 6 Lam et al. (2014) did not quote a total mass. they are in clear conflict with the much larger magnification values obtained with the HFF model. This conflict is unlikely to be caused by the mass components to the N and NW of the cluster core: although, at this stage, these two components are not accurately constrained due to a lack of spectroscopic redshifts for their multiple-image systems, the agreement (within the errors) between the predictions from the 2-and 4-component models of R14 suggests that the impact of the N and NW components on the overall mass distribution is modest. The significant increase in magnification provided by our high-precision model is equally unlikely to originate from the core region, where the much deeper HFF data have enabled us to correct several misidentifications of multiply imaged systems, and thus to create a simpler mass distribution. Moreover, we have demonstrated that the removal of the third cluster-scale halo, used by R14 to model the cluster core, improved both pre-HFF and HFF mass models (see Table 2 ). Therefore, this third mass component cannot explain the observed discrepancy either. Finally, the HFF data have allowed us to identify 35 new systems in the core of Abell 2744, providing a highly constrained mass model of this central cluster component. These new identifications have the strongest impact in the north-western region of the cluster core where previously almost no multiple-image systems had been identified, thus leaving this part of the cluster almost unconstrained and subject to extrapolation from other regions of the core. In Fig. 1 we highlight the pre-HFF multiple-image systems in dark blue; counter-images for systems 3, 8, 14, and 18 as well as several entirely new systems allowed us to map the mass distribution in this region much more accurately (see Fig.1 ). We also extended the region within which multiple-image systems were found in the core farther toward the south. As shown in Fig. 2 , the mass density in this southern region is higher than predicted by the pre-HFF models, resulting in higher magnification in this part of the core. In conclusion, the plethora of new multiple-image systems discovered in the HFF data has led to significantly tightened lensing constrains in particular across the entire cluster core. The resulting set of constraints span the cluster core more comprehensively. Thereby we have demonstrated that the HFF model presented here is more precise than all previously published models for this cluster.
Regarding the total cluster mass, we measure M(R < 250 kpc) = (2.83 ± 0.07) × 10 14 M , using the R14 pre-HFF mass model, in good agreement with the much tighter value of M(R < 250 kpc) = (2.798 ± 0.004) × 10 14 M obtained by us in this work from HFF data. Our best-fit mass model provides an improvement of a factor of ∼20 in terms of the precision. We note that although the magnification differs strongly between the two models, the total mass measurements are quite robust and not as dependent on the detailed constrains as magnification measurements are.
HFF magnification results
Fig. 3 summarizes our findings by showing the high-fidelity magnification map from our best-fit HFF mass model for A 2744, computed for a source at z S = 9, as well as the surface area in the source plane, σ µ , above a given magnification factor. σ µ is directly proportional to the unlensed comoving volume covered at high redshift at this magnification. The panel b of Fig. 3 shows σ µ as a function of µ for the three models discussed int his paper. Following the Wong et al. (2012) suggestion, we use the area above µ = 3 as a metric to quantify the efficiency of the lensing configuration to magnify highredshift galaxies and measure σ(µ > 3) = 0.49 arcmin 2 for Abell 2744 with the present HFF model. Lower values are measured using the pre-HFF models, σ(µ > 3) = 0.36 arcmin 2 for the pre-HFF model with 4 cluster-scale halos, and σ(µ > 3) = 0.29 arcmin 2 for the pre-HFF model with cluster-scale halos. For MACSJ0416, we quote σ(µ > 3) = 0.26 arcmin 2 from Jauzac et al. (2014a) , almost a factor of two less. Following the trend of the HFF MACSJ0416 strong-lensing results, our present analysis of Abell 2744 demonstrates the power of HFF data to impressively reduce the statistical errors of both mass and magnification measurements without any changes in the analysis neither the modeling techniques employed. In the case of Abell 2744, the threefold increase in the number of multiply imaged systems afforded by the exquisite depth and quality of the HFF data improved our estimates of the uncertainty by a factor of ∼20 and ∼4 for mass and magnification, respectively.
As shown by Atek et al. (2014b) , our high-precision mass model derived from the complete set of HFF data (optical and near-infrared) immediately and significantly improves the constraints on the luminosity function of high-redshift galaxies lensed by this massive lens. Similarly, all recent analyses of Abell 2744 and MACSJ0416 based on HFF observations (Atek et al. 2014a,b; Grillo et al. 2014; Ishigaki et al. 2014; Jauzac et al. 2014a,b; Lam et al. 2014; Zitrin et al. 2014) continue to demonstrate and underline the power and legacy value of the HFF data. 
